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Purpose:	Left	atrial	 (LA)	dilatation	 is	predictive	for	complications	 in	a	multitude	of	
cardiac	 diseases;	 therefore,	 adequate	 assessment	 is	 essential.	 Technological	 ad-
vances	 have	 made	 it	 possible	 to	 quantify	 LA	 function	 with	 Speckle	 Tracking	
Echocardiography	(STE);	however,	there	are	currently	no	recommendations	for	nor-
mal	values	with	regard	to	LA	function.	We	aimed	to	assess	LA	myocardial	and	volu-




volumes	 and	myocardial	 function	using	 reservoir	 function	using	peak	 strain	 in	 LA	
relaxation	(LA-	strain),	conduit	function	using	peak	strain	rate	in	early	LA	contraction	
(LA-	SRe)	and	pump	function	using	peak	strain	rate	in	late	LA	contraction	(LA-	SRa).





blood	pressure	and	heart	 rate.	 LA	expansion	 index	and	passive	emptying	 fraction	
decreased	with	age,	while	active	emptying	fraction	increased	with	age.	LA	maximum	















In	 the	 absence	 of	 valvular	 disease,	 LA	 volume	 reflects	 the	




tion.	 LA	 function	 can	 be	 assessed	 by	 volumetric	 measurements	
and	 includes	 reservoir,	 conduit,	 and	 pump	 function	 which	 can	
be	expressed	as	absolute	volumes	or	 fractions.	Recently	speckle	
tracking	echocardiography	 (STE)	has	been	validated	for	LA	mea-
surements3; LA strain and strain rate can be measured which re-
flect	 LA	 myocardial	 function	 without	 the	 need	 for	 geometrical	
assumptions.
The	clinical	value	of	LA	volumetric	and	myocardial	function	has	




Therefore	 this	 study	 aims	 to	 provide	 reference	 ranges	 for	 LA	
myocardial	 and	 volumetric	 function	 in	 healthy	 adults	 and	 investi-
gates	the	impact	of	age,	sex,	and	BSA.
2  | METHODS
2.1 | Study design and population




via	 advertisement	 and	 underwent	 a	 questionnaire	 regarding	 medi-










sion	 due	 to	 abnormalities	 on	 ECG	were	 conduction	 disorders:	Atrial	







Echocardiographic	 studies	were	 performed	by	 one	 of	 two	 experi-
enced	 sonographers.	 Two-	dimensional	 grayscale	 harmonic	 images	
were	 obtained	 in	 the	 left	 lateral	 decubitus	 position	 using	 a	 iE33	
or	 EPIQ7	 ultrasound	 system	 (Philips	 Medical	 Systems,	 Best,	 The	
Netherlands)	equipped	with	a	transthoracic	broadband	X5-	1	matrix	
transducer	 (composed	 of	 3040	 elements	 with	 1–5	MHz).	 The	 LA	
was	acquired	in	dedicated	apical	four-	and	two-	chamber	views	with	




tions	 for	 cardiac	 chamber	quantification	were	used.1 LA minimum 
volume	 (measured	 at	mitral	 valve	 closure)	 and	pre-	a-	wave	 volume	
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LA	conduit	and	pump	function	with	LA	strain	rate.	The	negative	peak	






as	 mean	±	standard	 deviation	 (SD)	 or	 median	 with	 first-	third	 quar-
tile.	Categorical	 data	 are	 presented	 as	 frequencies	 and	percentages.	
Student’s	t-	test,	the	Mann–Whitney	U	test,	chi-	square	test	or	Fisher’s	
exact	test	was	used	when	appropriate.	Correlations	between	LA	meas-
urements and baseline characteristics were assessed using the Pearson 
correlation	test.	When	a	variable	was	statistically	significant	and	did	not	
show	collinearity	with	another	variable,	they	were	included	in	a	multi-
variable	 linear	 regression	model.	 In	case	of	collinearity,	 the	one	with	








between	 two	measurements	 was	 determined	 as	 the	mean	 of	 the	
difference	±	1.96	SD.
3  | RESULTS
Out	of	 the	155	eligible	 subjects,	 147	 subjects	were	 included	 (me-
dian	age	43.8	[32.7–56.2],	50%	female)	into	5	age	groups	(n	≥	28	per	






Feasibility	 for	 volumetric	 measurements	 was	 good,	 ranging	 from	
92.5%	to	95.9%	(Table	2).	LA	volumes	were	indexed	for	BSA	(Table	2),	
and	an	additional	analysis	was	performed	with	height	 indexed	pa-














Besides	 age,	 LA	 reservoir	 function	did	not	 correlate	with	baseline	





LA	 expansion	 index	 and	 passive	 and	 active	 emptying	 fraction(r: 
0.471	P:	<0.001,	r:	−0.613	P:	<0.001,	r:	−0.541	P:	<0.001).
3.4 | Reproducibility
Interobserver	 agreement	 was	 assessed	 for	 volumetric	 and	 strain	
measurements:	 Mean	 difference	 for	 LA	 maximum	 volume	 was	
−5.2	±	12.1	mL.	 For	 pre-	a-	wave	 and	 minimum	 volume,	 this	 was	
−0.9	±	10.2	 and	 −1.0	±	8.4	mL,	 respectively.	 Regarding	 strain	
Total n = 147 Male n = 73 Female n = 74 P- value
Age	(years) 44.6	±	13.8 44.0	±	13.7 45.3	±	13.8 ns
Height	(cm) 175	±	9 181	±	7 169	±	6 <0.001
Weight	(kg) 74.6	±	12.8 82.4	±	11.2 66.9	±	9.0 <0.001
Body	mass	index	(kg/
m²)
24.4	±	3.3 25.2	±	3.3 23.6	±	3.0 0.002
Body	surface	area	
(m²)
1.89	±	0.19 2.03	±	0.15 1.76	±	0.12 <0.001
Systolic	blood	
pressure	(mm	Hg)
127	±	15 131	±	16 123	±	12 0.001
Diastolic blood 
pressure	(mm	Hg)
80	±	9 82	±	9 77	±	9 <0.001
Creatinine	(μmol/L) 78	±	12 85	±	10 71	±	10 <0.001
Bold	means	statistically	significant	difference	between	both	groups.
TABLE  1 Baseline	table
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measurements,	mean	difference	 for	 LA	peak	 strain,	 early	 and	 late	




metric	 and	myocardial	methods	 is	 feasible	 in	 a	healthy	population	
and	that	age	and	LV	diastolic	 function	are	 important	determinants	
of	 LA	 function.	This	 study	presents	values	per	 age	decade	 for	 LA	
volumetric	and	myocardial	function	in	a	healthy	population.
The	 largest	 body	of	 evidence	with	 regard	 to	 LA	 assessment	 is	
on	LA	maximum	volume;	this	reflects	remodeling	due	to	increased	
LV	 filling	pressures.	The	upper	 limit	of	normal	 is	 set	 at	34	mL/m2,	
regardless	of	age,	though	recent	studies	showed	that	LA	maximum	
volume increases with age.3–5,21	This	is	especially	true	in	the	elderly;	







also	 demonstrated	 that	 LA	myocardial	 function	was	 diminished	 in	
patients	with	LV	diastolic	dysfunction	while	there	was	no	apparent	
LA dilatation.19
4.1 | LA volumetric vs myocardial function
This	study	demonstrates	that	LA	volumetric	and	myocardial	assess-
ment	 is	 highly	 feasible.	We	 recognize	 that	 the	BSA-	indexed	maxi-
mum volume in our study was large according to current guidelines. 
However,	 with	 parameters	 such	 as	 LA	 expansion	 index,	 passive	
and	active	emptying	fraction	this	is	no	longer	relevant,	since	these	
measurements are relative.22	Therefore,	the	reference	values	of	LA	




these shortcomings because strain analysis does not rely on geo-
metrical	assumptions.
4.2 | Factors influencing LA function
There	are	a	lot	of	factors	that	could	influence	LA	volume	and	con-
sequently	 function.	We	 have	 assessed	 the	 LA	 through	 volumetric	
function	with	total	emptying	fraction,	a	sort	of	ejection	fraction	of	
the	LA.	It	is	well	known	that	this	is	divided	into	a	passive	and	active	
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volume.	The	Dutch	are	the	tallest	people	in	the	world15 which is why 
an	additional	analysis	was	done	correcting	for	height	as	done	previ-




4.3 | Effects of age and LV diastolic function on 
LA function
Several	 studies	 have	 looked	 at	 possible	 age-	related	 effects	 on	 LA	
size	and	function,	with	mixed	results.3–6,23	The	idea	that	age	influ-
ences	LA	function	 is	not	new;	Benjamin	et	al24	 stated	that	E-	wave	
velocity decreases while A- wave velocity increases with advanc-
ing	age.	Our	study	demonstrates	that	age	influences	LA	myocardial	

















of	peak	strain,	as	this	was	found	to	be	superior.27,28 Pathan et al29	per-






correlated	well	with	 LA	 conduit	 and	 pump	 function,	 regardless	 of	
the	method	used.	An	increase	in	LV	stiffness	leads	to	a	reduction	in	
LA	conduit	function,	which	is	compensated	by	an	increase	in	pump	
function.	 This	 can	 be	 witnessed	 by	 the	 E/A-	ratio,	 which	 inverses	
with	age.	This	was	seen	for	the	LA	myocardial	function	parameters.
4.4 | Limitations
This	 was	 a	 single-	center	 study	 including	 Dutch	 Caucasian	 subjects.	








reference	 values	 regarding	 LA	 functional	 analysis,	 in	 preparation	
for	studies	 to	determine	potential	diagnostic	and	prognostic	value	
which	may	 eventually	 be	 used	 to	 assess	 patients	 in	 a	 clinical	 set-
ting.	In	our	experience,	LA	functional	analysis,	especially	myocardial	
deformation,	 is	easy	and	quick	to	perform.	As	expected,	age	plays	
an	 important	 role,	which	 is	why	we	propose	age-	dependent	 refer-







Left	 atrial	 volumetric	 and	 myocardial	 function	 measurement	 is	 a	





Entire study 20–29 y 30–39 y 40–49 y 50–59 y 60–72 y
r P- valuen = 147 n = 32 n = 28 n = 28 n = 31 n = 28
LA	maximum	volume	(mL/m2.7) 12.2	±	3.4 11.2	±	2.5 11.7	±	2.7 12.2	±	4.4 12.6	±	2.7 13.1	±	4.4 0.202 0.018
LA	minimum	volume	(mL/m2.7) 4.3	±	1.7 3.5	±	1.0 4.0	±	1.1 4.5	±	1.9 4.4	±	1.3 5.2	±	2.5 0.307 <0.001
LA	pre-	a-	wave	volume	(mL/m2.7) 7.7	±	2.6 5.9	±	1.6 6.9	±	1.5 7.9	±	2.7 8.3	±	1.9 9.5	±	3.4 0.474 <0.001
Values	are	presented	per	age	group	and	the	correlation	with	age	and	corresponding	P-	value	are	reported.
Bold	means	statistically	significant	correlation	with	age	as	a	continuous	variable.








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Entire study 20–29 y 30–39 y 40–49 y 50–59 y 60–72 y




9.1 28.3 9.8 28.6 9.7 27.7 5.7 30.9 10.8 27.2 8.7 27.5
Total	emptying	
fraction	(%)
50.5 81.3 54.2 83.4 56.6 76.6 45.9 79.9 49.2 80.4 46.7 76.3
Expansion	index	(%) 58.4 344 71.5 405.5 113.8 298.6 42.6 325.8 45 353.8 65.7 272.9
Passive	emptying	
volume	(mL/m2)
2.4 19.2 7.1 19.5 3.7 19.7 1.1 19.5 2.8 17.2 0.3 15.9
Passive	emptying	
fraction	(%)
14.5 59.7 34.1 61.7 22 59.6 17.3 52.1 15 52.6 7.8 45.4
Active	emptying	
volume	(mL/m2)
2.2 13.8 1.3 10.5 3.4 10.6 2 14 3.8 14.2 4.4 15.6
Active	emptying	
fraction	(%)
24.2 64.2 19.3 61.3 28.1 58.1 23.7 62.9 26.3 67.1 26.5 67.7
LA	myocardial	deformation	analysis
LA-	strain	(%) 27 52.2 28.7 54.7 29.8 51 27.5 50.7 24.9 52.5 −49.7 −24.5
LA-	Sre	(s−1) −4.02 −1.5 −4.37 −2.21 −3.7 −2.42 −3.53 −2.01 −3.13 −1.33 −3.06 −1.26
LA-	Sra	(s−1) −3.81 −1.33 −3.37 −1.29 −3.15 −1.55 −3.75 −1.55 −4.43 −1.23 −4.07 −1.55
LLN	=	lower	limit	of	normal;	ULN	=	upper	limit	of	normal.
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measurements,	these	results	can	help	integrate	LA	STE	analysis	into	
clinical	practice.
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